We report the recent progress in the structuration of nanoporous silicon at a submicronic scale. Multilayered periodic structures, with low-roughness interfaces, and an index contrast of 0.6 are reported. Their strong photonic bandgap properties are demonstrated by the measurement of a reflectance up to 99.64% ± 0.01%, by mean of ring-down spectroscopy. This property is the base of a novel structure allowing an efficient guiding of light in a low-index layer. The submicronic structuration of the optical index of a planar waveguide along one direction of plane is also described, and a realistic map of the optical index, demonstrating a index contrast of 0.5, is unambiguously deduced from transmission spectra.
Introduction
Photonic crystals are the subject of intense work since it has been demonstrated that these periodic index media could control the propagation of photons like a crystal influences the motion of electrons. First, they have been viewed as a promising way to increase the efficiency of solid-state lasers, by controlling the spontaneous emission [1] , and they constitute now a developing area of investigation, due to their unique properties to allow a very efficient guiding of light, even across very tight bends [2] , opening the way of high-density all-optics integrated circuits.
Due to the requirement of large index contrasts, over distances as small as the wavelength, the realization of such structures for the optical range is a technological challenge, and two-dimensional [3, 4] and threedimensional structures [5, 6] have been elaborated only recently.
In this context, nanoporous silicon (nPS) is a serious candidate for periodic-index microstructures. Indeed, its pores of nanometric size give rise to a mean homogeneous optical index. In addition, using a relatively easy fabrication process, different kinds of optical This paper has been presented to the meeting of the French Research Group on "Microcavities and Photonics Crystals" which was held at Lyon on December 7 and 8, 2000 . a e-mail: Patrick.Ferrand@ujf-grenoble.fr b CNRS UMR 5588 microstructures have been demonstrated: distributed Bragg reflectors (DBRs) [7] , microcavities [8] , and holographic gratings [9] . The aim of this paper is to report the recent progress in the structuration of nPS at a submicronic scale, insisting on the quantitative measurements of their photonic bandgap (PBG) properties. We give first in Section 2 the principle of nPS formation, that brings several opportunities to modulate the optical index. In Section 3, we report the progress in the modulation of the optical index in depth, giving rise to a high confinement of light in the plane. In Section 4, we describe a planar waveguide with a periodic index along one direction of plane, and quantitative measurements of its optical index structuration at a submicronic scale.
Nanoporous silicon formation
Nanoporous silicon is known to form during electrochemical dissolution of bulk silicon. During this process, the exact chemistry is still unclear, and different mechanisms have been proposed [10] [11] [12] , but the important fact is that silicon dissolution requires HF and holes (h + ). For these reasons the electrochemical process takes place in HF-based solutions, and the problem is reduced to the well-controlled creation of holes.
The most common way consists in the dissolution by an anodic current density. The silicon wafer serves as the anode, the cathode is a platinum electrode immersed in the solution, and the holes are carried to the HF-bulk silicon interface. During the etching, this front moves in depth, giving rise to the formation of a homogeneous nPS layer, with a porosity and a thickness depending respectively on the current density and the time of anodization. This process is the base of the structures reported in Section 3.
Holes can also be generated by absorption of light. This allow a localized formation of nPS [13] , or a localized dissolution of previously formed nPS [14] . Section 4 describes structures thanks to this last property.
Structures presented in this paper have been realized using low doped p type (100) 3 Index structuration in depth
Principle
Because the porosity (thus the optical index) is determined by the current density, the final index profile in depth depends directly on the variations of current density during the process. Due to the wide range of porosities accessible by varying the current density, periodic stackings with an index contrast up to ∆n = 1 have been demonstrated in highly doped p-type nPS [8] .
However, due to the multiple interference on multilayers, the quality of the interfaces is a crucial parameter. During the formation of a nPS single layer, the flatness of the dissolution front can evolve and the roughness of the bottom interface of the final layer has been measured quantitatively [15] : its value increases with the thickness of the layer, and is especially high for layers anodized using low current densities. This effect can be strongly reduced by anodizing at low temperature [16] , even in the case of multilayered structures [17] .
Distributed Bragg reflectors, microcavities
High reflectance DBRs have been realized. The absolute reflectance spectra of a 24-period DBR is plotted in Figure 1a . The difference ∆n between indices of odd and even layers is of 0.6. The general aspect of the entire spectrum is the proof of the high optical quality of the structure: the quality of each interface and the constant period throughout the depth. This allows the accurate measurement of the indices and thicknesses by performing a precise fit of the experimental spectrum, as plotted in dotted line in Figure 1 .
In addition, accurate measurements of high reflectance have been performed in the near-infrared (NIR) range by means of cavity ring-down spectroscopy (CRDS) [18] , by measuring the lifetime τ of a λ = 1.06 µm light pulse injected into a macroscopic cavity constituted by a wellknown high reflectance mirror and a nPS DBR designed for this wavelength [17] . The ring-down signal as a function of time and the first-order decay fit are plotted in Figure 2 . The measured lifetime indicates a DBR absolute reflectance R = (99.64 ± 0.01)%, that is the unambiguous signature of the strong PBG character of this structure.
Such microstructures offer also an efficient way to confine the light, if the periodicity is broken. This is easily done by replacing a quarter-wave layer by a two-times thicker one, in order to form a λ/2 Fabry-Perot microcavity. A typical reflectance spectrum of such an optical resonator is plotted in Figure 1b . The calculated spectrum plotted in dotted line is in good agreement with the experiment, and the sharp mode of quality factor Q = E/∆E = 86 appears clearly inside the stopband.
Low-index waveguides
Guiding of light usually occurs in a high index medium surrounded by lower index media (cladding) by total internal reflection. Planar two-layer (guiding + cladding layer) waveguides for the NIR have been realized using nPS, but absorption and scattering have been reported as important sources of losses [19] . We demonstrate in this section a promising way to guide the light, using the PBG properties of a multilayered nPS structure.
The structure is schematically represented in Figure 3a . The guiding occurs in the top low-index layer. The difference with a conventional step-index waveguide is that the total internal reflections at the bottom interface of the guiding layer has been replaced by a reflection on a 5-pair DBR designed to work at a grazing incidence. Because Fresnel coefficients are very high at each interface at these incidence, only a few periods are needed in order to have a reflectance very close to unity, and the calculated guided field profile show a strong confinement inside the guiding layer, as shown in Figure 3b .
The guiding properties of this structure have been investigated for both polarizations in a wide range of the NIR, by end-fire measurements, using the experimental setup described elsewhere [19] , and the transmitted intensity is plotted in Figure 4 . There appears an efficient guiding of light in a wide range of energies, corresponding to the DBR spectral bandwidth. The narrower bandwidth in the TM polarization is a direct consequence of narrower TM-stopband of every DBR at non-normal incidence, due to lower values of Fresnel coefficients at each interface for this polarization.
In addition, it is important to note that the DBR can also be viewed as an array of high-index waveguides (in light grey in Figure 3a ) that are coupled together [20] . However, it is reasonable to think that the resulting guided modes are subject to strong leakage, due to the vicinity of the high-index bulk Si substrate. Anyhow, they can be discriminated against by focusing the incident beam as close as possible to the top of the sample.
Absolute measurements of losses in this structure will be the next step of this work, and some advantages could already be expected. Indeed, due to the fact that the light is confined in a low-index medium, i.e., of higher porosity, absorption losses will be reduced for energies above 1.1 eV, the silicon gap, where they play a significant role [19] . In addition, because the guiding layer has been anodized with a high current density, its bottom-interface roughness is expected to be reduced [17] .
Index structuration in the plane

Principle
The index structuration in the plane is performed optically, as discussed in Section 2. First a nPS is anodized in the dark, then it is illuminated while still in the electrolyte by the interference pattern produced by coherent expanded beams, a localized dissolution (and thus a decrease of optical index) of the nPS occurs mainly in bright regions [9] . The main advantage of this experimental setup is its extreme versatility, because various kinds of patterns can be realized, using many beams, and their periods can be easily scaled by varying their angles of incidence.
Here we limit ourself to the simple case of parallel straight fringes produced by two beams, giving rise to an . In order to take into account the periodicity Λ, these curves have been reported with ±pQ shifts. In case of an efficient coupling, the degeneracy can be lifted, and a gap can appear, as illustrated in the inset.
optical index periodic along one direction of plane. The index modulation is investigated by measuring the PBG properties of a modulated planar multimode waveguide.
PBG properties of a periodic waveguide
The waveguide is a conventional two-layer structure, with a high-index 1.6 µm-thick guiding layer and a low-index 4.5 µm-thick cladding layer and respective optical indices of 1.6 and 1.3, that can guide two or three modes in the NIR. Its total surface area has been illuminated in its electrolyte by two 20 mW cm −2 Ar + ion laser polarized beams (λ = 0.5145 µm) during 8 min. The resulting structure has a period Λ = 0.450 µm. In order to allow measurements of transmitted guided light, the samples was cleaved into a 1.4 mm-wide strip. Measurements were performed perpendicularly to these cleaved edges.
The PBG properties of a periodic multimode waveguide can be understood by considering each guided modes through the parallel component k of their wavevector. The periodic nature of the waveguide gives rise in the kspace to the diffraction vector Q = 2π/Λ. Two guided modes k 1 and k 2 are coupled together if they are related by the diffraction condition k 2 = k 1 + pQ, where p is an integer. This condition can also be illustrated in an equivalent way by the crossings of the folded periodic dispersion curves, as shown in Figure 5 . In our particular case, the period Λ has been chosen in order to couple two guided modes that propagate in opposite directions, by means of the first order of diffraction (i.e., p = 1). Thus, in case of an efficient coupling, the anticrossing of the levels will produce a gap in the available energies (see inset of Fig. 5 ) and consequently a stopband in the transmitted intensity.
Transmission spectra of guided light have been performed in the NIR for both polarizations and are plotted in Figure 6 . There appears several strong stopbands, for which the intensity decreases by two orders of magnitude. The calculated dispersion curves have also been plotted at the right of each spectrum, and the arrows show the µ µ µ µ µ µ µ µ Fig. 6 . Transmittance spectra of light guided for both polarizations, performed on a periodic planar waveguide. At the right of each spectrum, the calculated dispersion curves have been plotted. The arrows show the correspondence between crossing in the dispersion curves and the stopbands. These have been calculated by means of the coupled-mode theory, and are plotted in patterned grey.
very good correspondence between the crossings and the stopbands.
Characterization of the index modulation
The multimode nature of the waveguide gives rise to complicated dispersion curves and thus several stopbands. However, by means of the coupled-mode theory [21] , we were able to fit the complete set of stopbands, using a reasonable index modulation, i.e., by fixing the amplitude of the sinusoidal modulation at the top of the layer, and the exponential decay of the modulation in depth, in order to take into account the absorption of the illuminating beam. In addition, these two parameters play different roles and can be fitted independently [22] .
Thus, the index modulation at a submicronic scale has been unambiguously determined, and a map of the deduced index values is plotted in Figure 7 . A strong index anisotropy was needed in order to fit the stopbands that are wider in the TM case than in the TE case. Such anisotropy effects have been already reported on conventional nPS anodized in the dark [23] , and also on samples illuminated during their etching by polarized light [24] .
Anyway, regions very close together (Λ/2 = 225 nm in our case) can have their optical index structured by an optical process, with a final index contrast as large as 0.5. This show that the resolution of the holographic process is not strongly limited by the diffusion of the carriers that have been photogenerated. However, the reasons for which the absorption value of 2 µm −1 -suggested by the vanishing of the index modulation in depth -is larger than the measured absorption of nPS [25] remain not clear for the moment. A deeper modulation can be expected by using an illumination beam of larger wavelength, that would be less absorbed in depth, but to the detriment of the period.
Conclusion
Several ways to modulate the optical index of nPS at a submicronic scale have been reported. The modulation in depth is well controlled, and the improvement of the interface quality allows strong PBG properties, characterized by an extremely high reflectance. Concerning the index structuration in the plane, the preliminary modulation along one direction of plane is very promising for further realizations using a more complex illuminating interference pattern.
The combination of several index-modulation processes, both in the plane and in depth, will soon open the way of three-dimensional periodic structures able to improve the emission of various kinds of emitters: either nPS itself [26] , or emitters that have been inserted in nPS [27] , benefiting from the open porosity of the material. Lowcost sample holders, designed for an efficient extraction of light, are a possible application of this last point.
